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I.ABSTRACT

Dense bodies of hot-pressed MgO are characterized for impurity or additive (LiF or NaF) contents and
changes with subsequent annealing. As-hot-pressed bodies from a variety of raw materials and pressing
techniques are shown by ir, mass spectrometry, and weight-loss measurements to contain variable amounts
of hydroxides, carbonates, and possibly bicarbonates averaging several hundred parts per million in total
content. The gases released in the decomposition of these impurities can cause clouding and bloating of
bodies on annealing subsequent to hot-pressing, depending on concentration, specimen size and integrity,
and heating rates.

The other predominate impurities, Ca and Si, are observed primarily along triple lines in large grain
specimens (i.e., those with substantial annealing after hot pressing). Some of these impurities are also foun
on grain boundaries in patches much smaller than the grain size. In finer grain-size bodies, much of the Ca
and Si also appears to be along triple lines, but some is present as patches that appear to follow grain
boundaries over an area of several grains. The size and distribution of these patches are quite irregular.
Since the Ca may initially be present as the hydroxide and carbonate, its inhomogeneity may be related to
that of the above anion impurities.

Most of the Li and Na which were added as fluorides is lost during hot-pressing. More F than Li or Na
remains, indicating that it reacts with MgO. Li, Na, and F contents are all further reduced by subsequent
annealing, so that only a few hundred parts per million F are retained in smaller bodies after moderate
annealing. Differences in specimen colors for various materials and fabrication methods and changes in
color with annealing indicate interaction of additives with impurities and differences in amount or asso-
ciation of impurities. Differences in association or amount of impurities are also indicated by marked
changes in surface hydration of some MgO bodies after annealing and by different impurity structures
formed on annealed surfaces in other bodies. Surface scratches are shown to be removed by annealing at
or below 1500° C. (Continues)
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Grain growth data are presented for dense bodies and bodies with a low percent of porosity. Pores in
fine-grain bodies are small and predominantly at the grain boundaries. With further grain growth, the pores
grow and become located mostly within the grains, approximately as negative crystals.
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ABSTRACT

Three methods of hot-pressing dense MgO bodies are described. Two of
these methods start with MgO powders, one using LiF or NaF additions,
and the other, no additions. The third method involves the direct hot-
pressing of precursor salts (e.g., Mg(OH)2 ). The latter two methods use
temperatures of approximately 13008C with pressures of 5000 psi for times
of about 15 minutes to assure complete densification. The addition of IAF
lowered the pressing temperatures 3008 to 4000C, and the addition of NaP,
2000 to 3000C. Hot-pressing problems and imperfections in the resulting
bodies are discussed to aid in further improvement. The most fundamental
problem was removal of the gaseous impurities such as H2 and 002 from
the powders. Vacuum-hot-pressing aided some but did not completely re-
move them. Explosions and lenticular voids are major problems attributed
to these gaseous impurities. Other impurity effects on color, most likely
due to cation ion purifies, are also noted. Densification mechanisms are
discussed, and the possible effects of gaseous impurities in hot-pressing
mechanisms with or without additives are noted. The main effect of hot-
pressing with NaF or LiF may be primarily to bring about more intimate
contact between particles by enhanced interparticle sliding. The actual
sinte ring mechanism which occurs whether or not pressure is applied is
probably diffusion in the region of the grain boundary due to retained
fluoride, most likely as a liquid phase.

PROBLEM STATUS

This is an interim report; work is continuing on the problem.

AUTHORIZATION

NRL Problem C05-28
Project RR 007-02-41-5677

Manuscript submitted July 23, 1971.
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CHARACTERIZATION OF HOT-PRESSED MgO

INTRODUCTION

The purpose of this report is to provide further data to improve the interpretation of
MgO hot-pressing and to provide the basis for a more detailed interpretation of the strength
and fracture of hot-pressed MgO (1). A central focus of this analysis will be changes in
hot-pressed MgO with subsequent annealing, making note of poor as well as good spec-
imens. It is important to note these changes since grain growth is not the only result of
annealing at higher temperatures. Failure to detect these changes has probably been a
major factor in the varying interpretations of the behavior of MgO. The materials inves-
tigated cover raw materials used in most investigations of the hot-pressing and properties
of MgO (Table 1).

EXPERIMENTAL TECHNIQUES

Primarily the hot-pressed bodies described in Ref. 10 were analyzed, especially bodies
from F and M MgO powder (Ref. I and Table 2); these analyses are shown in Table 3.
Also analyzed were specimens supplied by Morgan (23, 24) of Cornell University (herein
designated C MgO) and specimens supplied by Leipold of the Jet Propulsion Laboratory
(herein designated JPL MgO). Leipold supplied both F MgO and high-purity MgO sam-
ples; both types were hot-pressed in metal or A12 03 dies.

All annealing was in air unless otherwise noted, using a silicon carbide resistance-heated
furnace to 1650C and a ZrO2-lined furnace using excess oxygen with natural gas above
16500C. All specimens were annealed resting on edge near their ends on MgO crystals
with 99% pure MgO crucibles as muffles. In annealing below 1650'C, recrystallized alu-
mina trays were used as an intermediate container between the MgO crucibles and MgO
crystals. Annealings in other atmospheres were carried out in a mullite tube furnace.

Most analytical techniques and equipment have been previously described (10,26). All
optical transmission studies, including ir analysis, were done on solid samples. Normal
transmission from 3.0 microns to 0.2 micron was measured on a Beckman DK-2A spectro-
photometer. F content was analyzed by a radiochemical extraction technique using Ta18 2

(27,28), which compared well with a neutron activation analysis. Mass spectrometer data
were obtained by heating solid samples (about I gram) in a tungsten crucible in a Knudsen
cell. Heating to 2000' to 2200'C was accomplished in 4 to 7 hours after an initial over-
night pumpdown.

Bars about 0.1 by 0.25 in. in cross section were used for several tests. Grain size
(linear intercept) was obtained (usually near the tensile surface) from fracture surfaces of
such bars broken in flexure. Electron micrographs were used to determine most grain
sizes below 10 microns, and exclusively for those below 4 microns. Electron probe exam-
ination of specimens was as previously described (16). Some of the optically examined
fractures were partially polished if they were too rough. Some specimens were etched
using boiling chromic acid (2.5 g CrO3 per 10 cc H 2 0) (11,12). Fracture surfaces were
etched 3 to 15 see (normally about 5 see) and sanded surfaces 15 to 100 see (normally
about 30 see).

Note: This work was done while the author was employed in the Space Division of The Boeing Co.,
Seattle, Wash.
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Table I
Source of MgO Powder Used in Other Studies

SIvestigator astul

Leipold andRNielsene Farcto

A. Investigators usiug Fisher deitronic Grade MgO

Spriggs and Sast os 2 Mechanical properties
Rasilos et al. 1 Me1anical properties
Passmore et al1 4 Creep
Spriggs et al 1 Grain growth
Leipold and Spielsen 1 Fabrication
Leipold 7 Impurity distribution
Copley and Pask 8 MeEhatical properties (e.g., materal from Spggs
Day and 1okes 9 MeInafical properties (eg. maal frm Spriggal
Rice 1,10,11,12 Fabrication and mechanical properties
Rice et al. 13 Hot extrusion, stengthd and fracture
Spriggs et al. 14 Meabrication
Vasilos and Sprhggs 15 2 Fabrication
Rce and Raeus 16 Epsity distritio
Chug et al. 17 Elastic modul
Soga and Anderson 18 Elastic properties

_ _ ~~~~. Iiivestigators using Mallinckrodt AR M~gO

Hanna 19 Infrared properties
Hanna 20 Fabrication
Tagai anld Zisnler 21 Creep
Rice 1,10,11,12 Fabrication anld mechanical properties
Rice et al. 13 Hot extrusion and mechanical properties
Day and Stokes 9 M~echlanical properties (e.g., material fromz Rce)
M~organ anld Schaeffer 22 Fabrication
Chunlg et al. 17 E~lastic moduli

Table 2
Designation of Bodies from Various Powder Sources

Designation Raw Material or Specimen Source

F Fisher Electronic Grade (M-300} MgO
M Mallinckrodt analytical-reagent-grade Mg0
C E. Merck reagent MgO
MBC Mallinckrodt Magnesium Basic Carbonate
DH Dow Chemical Company Mg(OH)2
PH Fisher reagent-grade Mg(OH)2
C Pressure calsintered MgO from P. Morgan
JPL High-purity hot-pressed MgO from M. Leipold (25J

Note: Reference 25 gives further details.
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Table 3
Impurity Analysis of MgO Powders*

Fisher Electronic Grade, Mallinckrodt Analytical
Low Activity, Reagent MgOt Reagent MgOt 

Typical Impurity Content* Maximum Limits of Impurities~t

Weight -Percent

Ignition loss 1.6 2.0
Soluble in H2 0 0.55 0.40
Insoluble in HCl 0.09 0.020
NH4 precipitate 0.005 0.020
SiO2 0.10 0.040
S 0.013 0.005
Cl- Trace 0.010
NO+ None 0.005
Ba None 0.005
B Trace Not listed
Ca 0.01 0.05
Cu Trace Not listed
Fe 0.03 0.01
Mn None 0.0005
K Not listed 0.005
Na None 0.5
Ag Trace Not listed
Sr Not listed 0.005
Ti None Not listed
Va Trace Not listed
Zn None Not listed
Heavy metals (as Pb) Not listed 0.003

*Manufacturer's data.
tManufacturer's designation.
tType of analysis.

EXPERIMENTAL RESULTS

Changes in Appearance with Annealing

Color Changes

Changes in appearance, as seen with the unaided eye, are presented first since. they
often offer clues to microstructural and chemical changes, which will be presented later,
and because some of them are very important. All specimens changed color with an-
nealing subsequent to hot-pressing (Fig. 1). M MgO fabricated with NaF behaved similar
to that made with LiF. The brown-to-black translucent glossy color that developed on
annealing M MgO was often absent at or near the less dense surface and was darkest in
the center, where it disappeared last. Specimens directly hot-pressed from MBC powders
similarly turned black in areas that had been translucent as-hot-pressed.

G MgO specimens vacuum-hot-pressed at lower temperatures (1260°C) turned black
inside like M Mgo on annealing, but not those hot-pressed at higher temperatures (13150C),
which were dark gray as-hot-pressed especially on the central area. All specimens lost this
brown or black color on annealing to 14000 to 16000C in air. In low-temperature

3
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} AS HOT PRESSED .

MATERIAL j COLOR COLOR DESCRIPTION (I 2 )

M M9 0

M MgO with LiF

M MO + 1 w/o Al2 03 with LiF

F MgO

F MgO with LiF

F MgO + 2-5 w/o CaO

F MgO + 2-5 w/o CaO with LiF

Very slightly
gray

Usually light
gray

Usually light
gray

Usually light
gray or blue

Usually light
gray

G ray

Gray

Becoming brown to black
Becoming white or clear

Becoming white or

c^eor White or Clear

Becoming white or
clear

White or Clear

Loosing gray l Brownt

Getting light yellow tint

Becoming lightr-pink
Light Pink CI

s- 5Becoming White
_- White

Becoming light
pink

Light Pink

I I, ~ -1 - .vJ -, I 
900 1000 1100 1200 1300 1400 - 500

After Air Firing at: Temperature, eC

(1) Based on vhanges in specimens typically 0.1-.15" in thickness ond 0.15-0.3" in width, after cooled to
room temperature.

(2) White or clear refers to colorless if trantsparent and white if only poorly tronslucent.

Fig. I - Firing color changes
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annealing or quenchings, light orange or orange-pink colors also developed in some of the
M MgO-LiF specimens. The quenching colors were not obtained if specimens were an-
nealed to about 11500C or more. Specimens of any MgO that had been a dull, opaque
black as-hot-pressed (2) turned white or clear progressively in from the surface, to depths
of about 0.1 in. or more after air annealing to about 11500 C.

Transparency, Clouding, Blistering, and Bloating

Translucency or opacity after hot-pressing was no guarantee of these same properties
after subsequent annealing. A few black, and several gray, opaque hot-pressed specimens
became translucent or transparent on air annealing. Many translucent specimens improved
on firing, but many were degraded. Development, or growth, of lenticular pores, often
in a transparent matrix (Fig. 2a), was a common degradation. When these occurred near
the surface, they bulged above the surface, forming "blisters" (Fig. 2b) when temperatures
or additives (e.g., LiF) allowed the necessary creep-plasticity. Though they most commonly
formed perpendicular to the pressing direction, many did not; sometimes they formed on
all surfaces of rectangular blocks cut from pressings and on the sides of cylindrical pressings.
The extreme of this blistering problem was often a gross bloating (Figs. 2b, 2c, 2d, and 3),
even of large cylinders. During annealing, thin laminar blisters also frequently formed in
hot-pressed bodies over parts of interfaces between previous successive cold-pressed layers,
thus more clearly showing such interfaces.

Clouding (loss of translucency or transparency) was also a frequent problem. It was
most commonly observed inside a translucent or transparent surface layer (Fig. 3), but it
sometimes extended throughout the entire specimen, especially in blistered or bloated
specimens where it usually was most severe (Figs. 2b and 2c).

Despite many variations in annealing results, some general body, material, and firing
parameters were found. The important body parameter was thickness. Transparency
generally decreased with increasing thickness, usually by clouding inside a transparent
surface layer. Fairly uniform transparency could be achieved in some specimens up to
about 0.35 in. thickness (primarily those made with LiF), but not in bodies 0.75 in. or
more in thickness, the best of which showed more transparency on the surface than
inside. Thickness of the piece being annealed was most important since thin (about 0.1
to 0.2 in. thick) slabs cut from the central area of thick hot-pressings were often trans-
parent, while thicker pieces from the same pressing usually had cloudy cores. Bloating
and blistering were more common in thicker bodies.

Annealing of F and M MgO hot-pressed with LiF gave the most consistent and uniform
transparency, with 0.5-, 1.0-, and 2.0-w/o additions generally giving progressively better
results. Bodies of F MgO made without additives were more prone to clouding on an-
nealing, but some produced uniform transparent specimens. Annealing of M MgO without
additives generally gave less transparency than F M MgO with the transparent areas often
being irregular in shape and generally not extending to the edges of the pressed disk.
However, some transparent areas of annealed M MgO were often among the clearest in
any specimen (after the brown-black color disappeared). Specimens that were a dull
black as-hot-pressed tended to cloud on annealing.

The JPL high-purity MgO varied from little to substantial clouding, with the clouding
being fairly uniform across a piece that had a uniform degree of translucency (high or
low) to start with. Clear sections of the JPL F MgO clouded inside, but retained a clear
surface. C MgO clouded some, and some thin blisters in it expanded. Specimens directly
hot-pressed from the DH (hydroxide) powder clouded substantially, while those from FH
clouded very little. G MgO samples that did not turn black tended to cloud some. De-
fects in annealed bodies generally corresponded to problems encountered during hot-
pressing (2), but were much more extreme and consistent. Thus, while some lots gave

5
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D 1," A.; K -, L.5' DIA,' -4

(a)

L _4 '

(C)

(b)

I -- 1 D5 I o - -

(d)

Fig. 2 - Severe blistering of dense MgO on annealing. (a) Thin
lenticular "voids" or blisters (dark circles) inside of body.
Note transparency shown by the letters MgO showing through
specimen. (b) and (e) Translucent bodies that clouded (be-
came opaque) on annealing and developed blisters as well as
some general bloating (swelling). All specimens were M MgO
hot-pressed with 2-wjo LiF. (d) M MgO plus 5-wjo I*0 hot-
pressed with 2-wfo LiE then fired to about 1 300C. Bodies
with NiO showed greater extremes of such bloating, but se-
vere problems were also observed in MgO made with or with-
out iP.
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Fig. 3 - Cloudy core in a transparent periphery. Note
some bloating as shown by curved sides (flat before
annealing) and the central "void" that developed.
Specimen was from an F MgO disk vacuum hot-
pressed without additives. It was somewhat trans-
parent as-hot-pressed. The surface increased in trans-
parency, and the central clouding and bloating oc-
curred during heating from about 8000 C to 15000 C
for 1 hour in air.

less frequent translucency on hot-pressing, these same lots gave consistent clouding on an-
nealing. Similarly, clouding was more prevalent in powder open to the air for longer periods
prior to use. However, powders exposed to 100% relative humidity at 1000 F (400C) for
varying times up to 1 month showed no consistent differences.

Problems of clouding, bloating, and blistering were generally not observed until an-
nealing temperatures of about 8000C or more were reached. Heating rates in the first few
hundred degrees did not appear to affect the annealing results; however, beyond this range,
slow heating rates (approximately 150C/hour) improved the number and quality of trans-
lucent to transparent specimens. Fast heating (500C/hour or more) clouded many more,
but not all, specimens. Annealing of specimens close together or sandwiched between
MgO crystal slabs appeared to reduce the frequency and degree of transparency, while
providing a free surface and/or circulation around each specimen appeared to improve
results, especially for specimens made with LiF or NaF. Once annealed to about 11000C
to 12000C, transparent specimens (at least thin ones) were likely to remain so under any
further annealing conditions. Using these techniques, about 20% of the specimens or
more were transparent. Though none were completely transparent, some approached this
state as shown in Fig. 4. Less than 20% of thinner (0.1-0.2 in.) specimens were opaque,
and severe blistering and bloating were fairly limited in frequency.

Surface Changes

All dense as-hot-pressed pieces of MgO showed very limited hydration, forming a very
thin surface film usually noticeable only after many months, about the same as MgO crys-
tals. However, F MgO hot-pressed with or without LiF, when subsequently annealed to
intermediate temperatures (1100°-1500'C), showed a marked increase in surface hydration,
usually forming a much thicker, chalky-appearing coating in a few weeks. The coating
would often flake off, especially from a well-polished surface. This generally did not occur
on F MgO specimens chemically polished in boiling phosphoric acid and tended to decrease
in severity and occurrence with air annealing beyond 1600CC. It was not observed with
other MgO bodies.

Specimens made with LiF frequently showed a clear film suggestive of a solidified and
crystallized liquid covering much of the surface on specimens annealed for only a short
time at temperatures of about 11000C or less.

Effects of Other Atmospheres

Limited annealing in argon and in nitrogen indicated that these gases did not give
specimens as clear as air annealing. Cursory tests in hydrogen indicated that MgO remains
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Fig, 4 - Transparency of hot-pressed MgO. M MgO
was hot-pressed with 2-wto LiF, then annealed to
11000 C in about 60 hours. Note the specimens (about
0.090 in. thick) on their respective curves.

grayer longer, but that some MgO made with LiF may become clearer than when annealed
in air. Such hydrogen annealings clearly showed that the regions of M MgO (hot-pressed
without additives) that become brown to black at intermediate temperatures in air become
blue in hydrogen. The few pieces of F MgO hot-pressed with 1SF fired in hydrogen never
turned pink as did other pieces from the same pressing annealed in air.

Microstructural Changes

Bulk Changes

Grain growth data are shown in Figs. 5 and 6. F MgO hot-pressed with LiE, then an-
nealed, generally resulted in larger grains than F Mg) hot-pressed without 1SF despite the
generally larger starting grain size of the latter. Specimens made with NaF appeared to
have an average grain growth intermediate between specimens made with and without LiF.
However, all grains near the surface and some grains scattered inside this layer (300 to 500
microns thick at 13W00C) were several-fold larger than the other grains, with this layer
thickening on annealing.

Annealing generally reduced porosity, especially in the most porous starting specimens.
However, porosity along grain boundaries (Fig. 7) also appeared as a result of initial an-
nealing in the range SOOD to 1200CC, with the severity of this porosity generally increasing
with the severity of clouding. Porosity in less dense hot-pressed specimens, or specimens
that developed porosity (and thus clouding) at lower annealing temperatures, was generally
fine and at grain boundaries, usually near or along triple lines. Most, or all, remaining
porosity was within the grains, larger, and in the general form of negative crystals after
annealing above 14000 to 15000C.

Electron probe analysis of M and F MgO showed that Ca- and Si-rich impurities were
fairly prevalent in both. With little or no annealing, these impurities were rather inhomo-
geneously distributed with substantial variation from pressing to pressing as well as within
a given pressing. Their main concentration was usually in patches that appeared to be
along grain boundaries. These patches were occasionally very large in comparison to the
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Fig. 5 - Grain growth of F MgO hot-pressed without additives. Spec-
imens were annealed in air approximately 1 hour at the temperature
after hot-pressing. Vertical bars represent the range of data and sub-
scripts the number of specimens.
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Z4000
S1 0
z20 _ ¾ s

ito6 - r~ 4~~~~~~~~~~
-tM MgO HOT PRESSED WtTH LiF

E! -Dt fIATA OF DAY a STOKES (144
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.0 = X MgO. 2 wv IOF
0.8

0.6 _
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olPRESS

Fig. 6 - Grain growth of M MgO hot-pressed with and without
LiF. Specimens were annealed in air approximately 1 hour at
the temperature after hot-pressing. Vertical bars represent the
range of data and subscripts the number of specimens. Spec-
imens made without LiF indicate a change in grain growth rate;
those made with LiF may also have a similar change in grain
growth rate.
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(a) Fine-grain specimen, which was (b) A specimen that clouded on an-
not hot-pressed to full density, nealing with resultant pores on grain
Note pores at triple points. boundary surfaces

Fig. 7 - Porosity in finer-grain MgO

grain size (Fig. 8). However, electron micrographs, Fig. 9, generally showed an apparent
second phase along triple lines, even with little or no annealing. In some electron micro-
graphs, short stubby whiskers were seen along grain boundaries. On the other hand,
large-grain specimens, i.e., those having been annealed to relatively high temperatures,
typically had a more homogeneous impurity distribution, with most along triple lines and
some in grain boundary patches much smaller than the grain size (Fig. 10). The transi-
tion to the larger-grain impurity distribution generally became fairly distinct after annealing
to 1400° to 15000C (generally giving 50- to 100-micron grain sizes). Ca and Si impurities
were generally coincident, but Ca usually appeared in greater concentration, especially near
the surface, at least in F MgO. Some Fe, especially in F MgO, was found, generally fairly
homogeneously distributed. These results appear to be independent of whether or not
additives were used.

Surface Changes

Surface scratches from sanding (600 grit finish) showed substantial rounding or'elim-
ination after slow annealings to 11000 to 12000C and were well rounded or gone after
1200° to 140000, but thermal etching of grain boundaries became apparent at 11000 to
12000C and quite clear at 12000 to 14000C. These results were generally the same for
F and M materials made with or without LiF; however, the accumulation of impurities
on the surface was distinctly different, M MgO made with or without LiF generally devel-
oped rectangular protrusions (Fig. 11) on most surfaces, for example, those of cut bars,
after air annealing to 14000 to 1500'C or more; LiF may have made their occurrence
at lower temperatures more frequent. A thin-section analysis showed these to be optically
anisotropic, while several probe tests showed they were rich in Ca and Si (generally more
Ca). Such protrusions varied in number, size, and clustering over a given sample and from
sample to sample but were almost exclusively absent from lower density areas such as the
periphery of M MgO disks hot-pressed without additives. Dense F MgO also showed some
Ca- and Si-rich objects on the surface. However, these were round or elongated (Fig. 12)
and often appeared as depressions, suggestive of voids that have migrated to the surface
with impurities.

A fairly thick surface layer of smaller grains was observed in most finer-grain-size
bodies, obtained from little or no annealing. A similar situation sometimes occurred in
larger-grain-size bodies, or those fired to higher temperature, Fig. 13. There were also
occasionally exceptionally large surface grains in some specimens annealed to elevated
temperatures.
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(a) Specimen current presen- (b) Ca x-ray fluorescence of
tation showing grain size and same area. White patches are
fracture topography (inter- Ca rich.
granular fracture at 2400F)

Fig. 8 - Electron probe examination of finer-
grain F MgO specimen (as-hot-pressed)

Fig. 9 - Electron micrograph showing
probable second phase along triple
lines
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(a) Specimen current presentation showing
fracture topography (intergranular fracture at
24000 F)

(b) Ca x-ray fluorescence of same area.
White patches show Ca-rich areas.

(c) Si x-ray fluorescence of same area.
White patches show Si-rich areas.

Fig. 10 - Electron probe examination of larger-grain MgO
specimen (annealed to 29600F (1660'C) for one hour)

13
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Fig. 11 - Rectangular protrusions on annealed surface
of M MgO. Surface of specimen was annealed in air
to 1540QCC Note the individual and clustered pro-
trusions. Clusters occurred fairly frequently and were
often several times the grain size.

Fig. 12 - Electron micrograph of the sur-
face of a hot-pressed F MgO specimen
annealed to 28009 F (15400C) for 1 hour.
Electron microprobe analysis shows that
the round and elongated structures are
rich in Ca and Si.

14
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(a) Specimen annealed to 2200 0 F (1205 0 C)

(b) Specimen annealed to 28000F (1540 0 C)

(c) Specimen annealed to 3200 0 F (17600C)

Fig. 13 - Smaller surface grains

Changes in Composition

Sodium, Lithium, and Fluorine Analysis

Residual fluoride analysis on some M MgO samples made with LiF and NaF are shown
in Table 4.

An analysis by emission spectroscopy showed only trace amounts of Li left in a dense
M MgO specimen (0.1 in. thick or less) after hot pressing with 2 w/o LiF. Such analysis
of fragments about 0.25 in. or less in maximum dimension from another dense M MgO disk
(about 0.15 in. thick) hot-pressed with LiF showed no trace of Li after being annealed to
21000 F (11500 C). Flame photometry analysis of two samples from the same disk of M MgO
(the same disk as for specimens 6 and 8 in Table 4) hot-pressed with NaF showed 0.22 w/o
Na in an as-hot-pressed piece and 0.01% in a piece annealed to 24000F (1315 0C).

Infrared, Mass Spectrometer, and Weight-Loss Analysis
Infrared transmission tests of as-hot-pressed specimens consistently showed some absorp-

tion in a limited number of bands (Fig. 14). The degree of absorption in any or all bands

I I
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Table 4
Fluoride Analysis of Bodies Hot-Pressed With LiF or NaP

Sample T Approximate Percent Approximate F Content
Sampl Material Additive Condition of Test Sample Of ThicknessNo. _ __ _______________________ Theoretical Density (in.) (wt.--%)

1 Mg0 2 w/o Li? As hot pressed 99 0.2 0.9

2 Mg0 2 w/o LiF Fired to 24000 F (1315°C) 99 0.2 0.08

3 Mg') 2 w/o LiF Fired to 27500 F (15100 C) 99 0.2 0,06

4 Mg' 2 w/o LiF Fired to 24000F (1315 0 C)* 99 1.0 0.10

5 MgO 1 w/o LiF Fired to 26000F (1425°C) 99 0.1 0.005

6 MgO 2 w/o NaP As hot pressed 97 0.1 0,45

7 MggO 2 w/o NaP As hot pressed 97 0.1 0.65

8 MgO 2 w/o NaF Fired to 25000F (1370 0 C)t 97 0.1 Less than 0-04

- .&nnw sampte suDsequenrtY was neawu in a sealed tungsten can to zi 5L0 U ror 61. ro
tThis sample and sample 6 are from the same hot-pressed disk,

ivU manuTes in' anaayzea after tnis operation.
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90 MgO Crystals
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Wavelength in Microns

(a) Specimens made by author. Note: (LiF) means
that the specimen was hot-pressed with LiF.

F MgQ vacuum hot pressed at 10000C with 13,000 psi
for 2.5 hours in a TZM die.

High purity MAgO vacuum hot pressed at 9200°C with
13,000 psi for 2.75 hovrs in an A12 03 die.

High purity MgO vacuum hot pressed at 920° and 10000C
90 - with 13,000 psi for 1 hour at each temperature in an

c A12 03 die.
,, 80 -

20

~~50 2.0 3.0 ' ./. . . .o ~ ~ ~ ~~~Wvlnt in icon

0~~~~~~~I*

0~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~0

20 -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I 0 IL -~~~~~~I I 
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(b) JPL high-purity specimens as-hot-pressed by M. Leipold. While
these specimens do not necessarily represent the optimum transparency
achieved, they show the characteristic absorption bands.

Fig. 14 - Typical ir transmission of as-hot-pressed MgO. Note large
absorption bands with the lowest pressing temperature and highest
pressure. These are not present when pressing is at 110000 with lower
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10_

90 - 5I HOT PRESSED
900' Ct ItI300 PSI

70 

60 2 HOT PRESSED
4 I t 61200°C, 4500 PS

F 50 ~31--a HOT PRESSED
-t 1100~~~~~~~OO C. 4500 PSI

40
o _50o 5
z

at 20

I, AFTER AIR
10- ANNEALING

TO 1300Q C

2.0 3.0 4.0 5.0 6.0 7.0 8.0 9O I It -C
WAVELENGTH IN pm

(e Cornell MgO pressure sintered by P. Morgan

Fig. 14 (Continued) - Typical ir transmission of as-hot-pressed MgO,
Note large absorption bands with the lowest pressing temperature and
highest pressure. These are not present when pressing is at 11W0C
with lower pressure, but overall transmission is substantially reduced,
Transmission increases some with further increase in pressing temperature
(1 200'Cq as normal MgO pressing conditions arc approached, Note
the elimination of the absorption band at 2.8 ,um on annealing the
sample pressed at 900' C, but not of other bands and the substantial
reduction in transparency, These annealing results are essentially idern-
tical to those at 1150'C.

often varied substantially. The most pronounced variation in bands with fabrication param-
eters was the generally increasing intensity of the band centered about 2.75 microns with
lower pressing temperature. For example, M MgQ pressed without additives and C Mg)
pressed at 11000C showed no absorption at 2.75 microns, but M MgO pressed at about
10000C with UF showed some absorption there and C MgO hot-pressed at 900C had
strong absorption at 2.75 microns. The latter also had a fairly strong absorption band at
about 7 microns. Specimens hot-pressed from FE powder calcined in air had an absorp-
tion band at 6.1 microns and showed no transmission beyond 6.8 microns. Similar results
were observed with specimens made from calcined MBC powders. The band between 8.0
and 8.3 microns in F MgO was generally larger when the band at 7 microns was smaller.

ifrared absorption bands at about 2.8 and 4 microns were eliminated in specimens
about 0.1 in. thick after annealing to 11000C or less regardless of the type of MgQ or
method of hot-pressing used (with or without HiF). Similarly, the absorption band around
7 microns was eliminated from specimens about 0.1 in. thick after annealing to temper-
atures of about 11000C whether they were made with or without HF. The band in F Mg
hetween Rfl and R R mincrnnsR tended toi shift ta lnnoer wnavt-hnoths with annealing and it.
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24

20 2

- - 16-

,12 

I5' OH -co 2

4 4

0 400 800 1200 1600 2000

Temperature, 'C

(a) Tested as hot-pressed

x Mass Number 17: OH
+ Mass Number 18: H20
A Mass Number 28: CO
o Mass Number 44: C02

316-
H20.2-='12 - OH2

0
8 C 2

0 400 800 ,1200 1600 2000

Temperature, 'C

(b) Tested after air annealing first to 900'F (485'C)
slowly, then rapid annealing for 1.5 hours to 31000 F
(1706° C)

Fig. 15 - Mass spectrometer Knudsen cell analysis of
outgassing from dense hot-pressed F MgO. Data rep-
resent net outgassing (background subtracted-vertical
bars represent range of background variation). The
specimens are from the same hot-pressed disk.

high-temperature annealing (Fig. 15). (A single crystal of MgO showed no significant out-
gassing.) Specimens run in the mass spectrometer frequently "blistered" due to the above
impurity outgassing. Volatilization of MgO as indicated by the appearance of mass 24 (Mg)
was only faintly indicated above about 19000C.

These results are corroborated by weight losses shown both in the mass spectrometer
tests and in numerous other (slower) annealine. A sequential series of the latter (including
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Table 5
Annealing Weight Loss of Mallinckrodt MgO + LiF

Total Percent Weight Loss of Bars Approximately 1 by 0.25 by 0.08 in. After:
Composition 16500F (9000C)* 17500F (9550C)* l 20000F (10950C) 24000F (13150C) 26000F (14250C)

1 Hour 1 Hour 4.5 Hours j 1 Hour [ 1 Hour

MgO 1.18 1.26
1.05 1.09 - _
1.23 1.29 _ 0.95 0.27
0.63 0.67 _ 1.01 1.89
0.59 0.63 8 0.67 1.49
0.98 1.18 _ 1.82

Average 0.94 1.02 _ 1.11 1.22
Standard deviation 0.25 0.27 _ 0.43 0.67
Number of specimens 6 6 _ 4 3

MgO-1 w/o A1203 0.68 0.72 0.36 _ _
0.70 0.75 1.62
1.92 2.01 1.59

1.30
1.01
1.45
1.22
1.56
.1.23
1.62

Average 1.10 1.16 1.30
Standard deviation 0.7 0.7 0.36
Number of specimens 3 3 10 _

-- ouosequent firing of same bars, all other data for single firing of separate specimens.

z
rEd
LtJ

It
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those black as-hot-pressed, or those from calcined MBC, showed much higher weight losses,
sometimes approximately 10%. Weight losses in mass spectrometer analysis generally in-
creased with the amount of outgassing.

DISCUSSION

Occurrence of "Gaseous Impurities"'

All of the ir absorption bands found in MgO have been previously shown by the author
(26) to occur in dense hot-pressed CaO. Most were identified as fellows: hydroxide (2.76
microns), carbonate (7 microns), and probably bicarbonates (about 4 and 6 microns). The
indicated inverse relationship between the carbonate and s.O to 8.3-micron bands and the
shift of the latter again suggest that the carbonate band may be the cause of the longer
wavelength band, possibly by partial decomposition or solution of the carbonate. These
identifications are corroborated by the mass spectrometer data showing H20, CO2. and
related species being given off. The high-temperature output of CO appears somewhat
high for just decomposition of C02 , indicating that some complex of CO may be contained
in the solid as suggested from the ir data. The greater relative presence of I20 and OH
shown by the mass spectrometer than by ir analysis is due to the greater overall sensitivity
of the former, and probably to less sensitivity of the ir for OW- than for CO32- radicals.

The outgassing observed to quite high temperatures may be due partly to faster heating
and partly to the use of solid samples in the mass spectrometer. However, both the mass
spectrometer powder data (10) and it data on solid samples with much slower annealing
also show outgassing to surprisingly high temperatures. Leipold and Nielsen (21) have
reported H20 still being evolved from MgO to temperatures of at least 210CC. They
(29) and Freund (30) have suggested reasons for such stability.

It may seem a surprise to many that carbonates and hydroxides, which are normally
considered readily decomposed, could be left in dense hot-pressed bodies. However, it
must first be remembered that they are left in only small amounts (0.1% or less on a
weight basis). Second, it should be noted that hot-pressed MgO bodies have often reached
80 to 100% of their theoretical density in the temperature range of 8OO to 1100CC; there-
fore, the combination of limited porosity and its fine nature (due to the fineness of the
powders used) makes diffusion of any gases out of the powder much slower (26). In con-
junction with this, it should be recalled that though substantial decomposition may occur
at relatively low temperatures, much higher temperatures are often required to eliminate
the last traces of decomposition gases (31). For example, Mg(OH)2 loses about 98% of
its water at about 4QQ0C but still contains about 0.3% after heating to 7OQQC (32X even
in the very loose packed condition common for calcining.

Another factor in the retention of carbonates and hydroxides may be stabilization under
pressure. The author has previously noted (26) that geological data such as that of Wyllie
(33) show that under mechanical pressures of 1000 psi or less Ca(OH)2 and CaCO3 will
melt rather than decompose and form binary and ternary eutectics with Cat). Since Ca
is an impurity (Table 3), it may form carbonates and hydroxides thus contributing to their
retention. A similar study of the MgI-CO2 -H2 0 system by Wylie and Tuttle (34) reports
that such stabilization does not occur in this system, but whether their results are accurate
to a fraction or a few percent is unknown. However, more recent work by van Velden
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The majority, and probably all, of such hydroxide and carbonate impurities must be
from the powder itself and not from contamination by or reaction with the graphite die.
First, the powders have substantial "ignition" losses and show higher levels of H2 0, C02,
etc., outgassing in the mass spectrometer (10). Second, these impurities were observed by
Carnall (37), (who first pointed out the correct identification of the ir bands to the author),
using the same and other powders with or without Lip in metal dies. They have also been
reported in otherwise very-high-purity MgO made by Leipold and Nielsen (38). The author
has also observed these bands in their F and high-purity MgO (hot-pressed in nongraphite
dies, Fig. 14b) and in C MgO hot-pressed directly from the hydroxide (23).

The powders probably acquire these impurities in one of three ways. First, some may
be left from incomplete reduction of the starting compound, especially where low calcining
for fine particle size is. used. Second, some re-reaction as indicated in experiments of
Wyllie and Tuttle (as reported by Langmuir (39)) may occur on cooling from calcining since
all of the released C02 and H20 is probably not able to diffuse out of the powder, espe-
cially in large or more densely packed loads. Third, some of the gas is acquired from the
atmosphere as shown in preceding work (10) and in particular Ref. 40. Such atmospheric
contamination need not be simple physical adsorption but may involve formation of stable
compounds as suggested by the occurrence of a high-temperature reaction in the second
DTA run in preceding work (10). Webster, Jones, and Anderson (41) have shown that
such changes can occur when water is absorbed on MgO. Further, Chown and Deacon
indicate that MgO can react with C02 in the presence of water vapor (42).

Effects of Gaseous Impurities
During Annealing

Blistering and bloating are clearly a result of pressure developing in the bodies during
annealing due to evolution of C02 and H20. The limited quantities of such impurities
can have such gross effects because the decomposition of the previously solid carbonates
results in about a 10,000-fold expansion of the gaseous products. The occurrence of
clouding and associated grain boundary porosity only during the first annealing to 800o
to 12000C in some specimens, especially with more rapid firing, shows that clouding is a
manifestation of the porosity which is caused by the gaseous impurities.

There is thus a complete spectrum of effects of gaseous impurities, ranging from no
obvious effect (at least in some thinner specimens) through progressive degrees of clouding,
blistering, and bloating. These in general represent an increasing concentration of gaseous
impurities, roughly in the order listed. However, considerable variation occurs probably
resulting from local concentrations of such impurities which would only partially be re-
flected in the specimen-to-specimen variations in the various analyses used. While some
inhomogeneous clouding and blistering is clearly related to mechanical variations in sam-
ples (e.g., interfaces left from previous successive cold pressings), the frequency of these
in specimens that appeared homogeneous as-hot-pressed clearly indicates inhomogeneous
distribution of these impurities. Such inhomogeneity may result, at least partially, from
the inhomogeneously distributed Ca-impurity content being present as the hydroxide,
carbonate, and possibly bicarbonate. Laminar-shaped bubbles and explosions previously
noted in hot-pressing (10) are thus progressively more extreme demonstrations of such
impurities.
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it proceeds slowly enough, resultant gases can probably diffuse along grain boundaries,
leaving behind at most very fine grain boundary porosity that can be removed by sintering.
Thus, bodies with limited quantities of gaseous impurities can become transparent, or
retain and improve transparency during firing as observed. However, in thick specimens,
diffusion paths from the center are too long, so greater units of impurity or gas are re-
tained, giving the central opaque regions or bloating observed. Higher concentrations
(locally or generally) of these impurities also lead to greater problems, but voids left from
hot-pressing could also be important since decomposition would not be inhibited at the
void (at least not until substantial gas pressure is achieved in the void). For example, the
author has previously shown fracturing of a large body apparently originating from a small
void through such pressurization (11,12). Miles et al. (43) have recently reported that gas
is released from hot-pressed MgO bodies that were fractured in a vacuum. This probably
results from such pressurization. However, pressure in voids is limited not only by pressure-
size and pressure-decomposition relations but also probably by some re-reaction of constit-
uents (e.g., MgO and CO2 ) on cooling, as pointed out by Langmuir (39).

The much greater differentiation of specimens, from different lots, after annealing than
after hot-pressing is then quite understandable in view of the much greater stabilization of
gaseous impurities in hot-pressing than in annealing and their pronounced increase in vol-
ume on decomposition. The sensitivity of annealing results to these impurities and to
their state makes this an important detector for these variations. The lack of clear effects
of moisture exposure suggests carbonates or bicarbonates are the major problem.

The variety of materials and conditions investigated here shows that this problem of
gaseous impurities is quite prevalent and basic. This is further shown by results of other
investigators (9,43-45) including those based on pressing in other metal or ceramic dies.
Considering the prevalence of this problem, and the difficulty of ascertaining which spec-
imens will cloud and which will not, a long slow anneal of present hot-pressed MgO bodies
prior to any other elevated temperature exposure is generally recommended.

Loss of Other Impurities and Additives

Black, dull hot-pressed specimens, which are usually colored by traces of C or graphite,
become white or colorless, depending on opacity or translucency, indicating that this ma-
terial is readily lost on annealing.

Since the Na content of M MgO can readily be reduced substantially below reported
starting levels, even with the addition of 2-w/o NaF, Na and possibly other alkali metals
are probably lost from bodies made without LiF or NaF. This is corroborated by work
of Chung et al. (17), who showed that K and Na contents of reagent-grade MgO powders
decreased from about 0.5% to 0.3% during similar hot-pressing without additives. The
mechanism of such losses is not readily understood nor have cursory investigations with
the mass spectrometer been enlightening; however, reaction with or some association with
carbonate impurities may be an important factor.

The substantial difference between Li (or Na) and F contents after hot-pressing or an-
nealing shows that some reaction of F and MgO or related impurities has occurred. Such
reactions have been reported by Ludekens et al. (46) in dry-powder mixtures in the range
of 5O' to 0OC. They report that complete anion exchange occurs between LF and
MgO or CaO as well as NaF-CaO, while NaF forms a mixed fluoride, NaMgF3 , with MgO.
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Surface and Interior Changes

Grain growth is substantially reduced by porosity in agreement with Spriggs et al. (49),
although they did not observe grain growth as high as reported here. This is attributed at
least partially to introducing some porosity in their specimens, as shown by clouding (45)
from carbonates apparently due to a faster annealing cycle. The smaller surface grain size
observed in many machined specimens at lower temperatures is attributed to inhibition of
grain growth in the surface by the high density of dislocations introduced by machining
as discussed elsewhere (13,50). Surface limitations on grain growth and impurity effects
may also contribute to limiting surface grain size in annealed bodies. The variable distri-
bution of impurities and loss of some from the surface are probably factors in the occur-
rence of larger surface grains in areas of some bodies annealed at high temperatures.

Na apparently inhibits grain growth since it is lost from the surface of specimens made
with NaF which have larger surface grains. Loss of Na may also be the cause of grain
growth changes of M MgO made without additives (and possible with LiF, see Fig. 6) since this
material has substantial Na content which is reduced on annealing. This change also gen-
erally corresponds with the maximum blackening of M MgO, suggesting a relationship.

Another important surface change is the marked increase in surface hydration of an-
nealed F MgO. This could be caused by calcium being present in the as-hot-pressed con-
dition as a hydroxide or carbonate which would not hydrate, but on annealing, these could
break down on the surface, leaving free GaO which would hydrate. Removal of this CaO
by chemical polishing, or diffusion at higher temperatures, would stop the hydration as
observed. The fact that this hydration does not occur with other MgO bodies shows the
importance of not only the type of impurity present but also its physical or chemical
association with the matrix or other impurities. The difference in structure of surface
Ca- and Si-rich bodies (F and M MgO) further demonstrates the importance of impurity
association. The occurrence of whiskers at grain boundaries in replicas of F MgO indicate
some free CaO is present since similar whiskers are observed in CaO (10), but not other
MgO bodies.

Since many specimens were vacuum-hot-pressed and since Rossi and Fulrath (51) note
that pores cannot be trapped in grains unless they contain gases, the observed entrapped
porosity is further evidence of gaseous impurities.

The changes in color of a given body indicate changes in impurity state or distribution.
For example, F MgO (made without LiF or NaF) acquires a brown-orange color which may
be due to iron oxide changing valence or distribution (e.g., solution versus precipitation).
Differences in color between bodies made from the same raw material, but with or without
fluoride additives, indicate that additives interact with impurities. For example, the above
F MgO does not acquire a brown-orange color if made with LiF.

The above changes must be considered when evaluating mechanical properties of such
bodies, as will be done in a subsequent paper on MgO (1).

SUMMARY AND CONCLUSIONS

Clouding, bloating, and blistering of dense, translucent-transparent hot-pressed MgO
made with or without additives were often found to be major problems during subsequent
annealing. These problems could be minimized by a very slow heating rate (approximately
-. 0O,u, x, . . -. .. . .- _
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Grain size was higher with LiF and intermediate with NaF (but with a mixed-grain
structure) compared to annealing of specimens without additives, while porous specimens
gave the finest grain size. Residual porosity from incomplete densification or clouding is
generally fine and located at grain boundaries usually on triple lines, until annealed to
temperatures of 14000 to 1500°C. Above these temperatures, pores are generally larger
and usually within the grains approximately in the shape of negative crystals.

Ca and Si impurities were most common, generally located together in grain boundary
regions but varying substantially in content from specimen to specimen and within a given
specimen. At finer grain sizes, random patches a few to several grains in size occurred.
However, after annealing to or above 1400° to 15000C, these were predominantly along
triple lines with some random patches on grain boundary surfaces much smaller than the
grain size. There was some tendency for a higher concentration of Ca near the surface.

Surface scratches showed substantial rounding or elimination on slow annealing to
11000 to 1200CC and were well rounded or gone after annealing to 12000 to 14000 C.
Above 140QQ to 15000C, Ca- and Si-rich structures formed on annealed surfaces. These
surface structures formed in characteristic shapes, e.g., rectangular protrusions, on bodies
of MgO from certain raw materials.

Changes in color on annealing indicate that impurities are changing valence or chemical
association. Differences in color between bodies from different powder sources show vari-
ation in impurity content or association between similar powders. Important differences,
such as surface hydration after annealing in some bodies, indicate the importance of the
physical or chemical association of a given impurity such as Ca.

Na and Li from NaF or LiF additives are primarily lost during hot-pressing, with the
last traces of Li being lost by annealing specimens about 0.1 in. thick to about 1ii& C.
Na impurities also are further reduced by annealing. More F remains than Li or Na, probW
ably due to the formation of MgF2 or NaMgF8 . However, F contents can be reduced to
a few hundred parts per million content in specimens about 0.1 in. thick by annealing to
1300 to 1500CC.

ACKNOWLEDGMENTS

The author gratefully acknowledges the assistance of A Donovan in preparing test
specimens and determining weight losses; A Jenkins and G. Way for optical photography,
C. Smith for electron microscopy; R. Racus for electron probe analysis; R. Evans, B. liii,
and K. Halderson for ir measurements; H. Goldberg for mass spectrometer analysis; V.
Eggebraaten for fluoride analysis; and K. Halderson for lithium and sodium analysis. The
aid of C. BuRs and Dr. P. Becher in editing the manuscript was also most helpful.

REFERENCES

1. R.W. Rice, "Strength and Fracture of Hot Pressed MggO," presented at the British Cer-
amic Society meeting on "Textural Studies in Ceramics," London, England, Dec. 1970;
proceedings to be published

2. R.M. Spriggs and T. Vasios, "Effect of Grain Size on Transverse Bend Strength of
L . ~ 1 I r - - A - - -

26



NRL REPORT 7335

4. E.M. Passmore, R.H. Duff, and T. Vasilos, "Creep of Dense, Polycrystalline Magne-
sium Oxide," J. Am. Ceram. Soc. 49, No. 11, 594-600 (1966)

5. R.M. Spriggs, L.A. Brissette, and T. Vasilos, "Grain Growth in Fully Dense Magnesia,"
J. Am. Ceram. Soc. 47, No. 8, 417-18 (1964)

6. M.H. Leipold and T.H. Nielsen, "Hot-Pressed High-Purity Polycrystalline MgO," Bull.
Am. Ceram. Soc. 45, No. 3, 281-85 (1966)

7. M.H. Leipold, "Impurity Distribution in MgO," J. Am. Ceram. Soc. 49, No. 9, 498-
502 (1966)

8. S.M. Copley and J.A. Pask, "Deformation of Polycrystalline MgO at Elevated Tem-
peratures," J. Am. Ceram. Soc. 48, No. 12, 636-42 (1965)

9. R.B. Day and R.J. Stokes, "Mechanical Behavior of Polycrystalline Magnesium Oxide
at High Temperatures," J. Am. Ceram. Soc. 49, No. 7, 345-54 (1966)

10. R.W. Rice, "Fabrication of Dense MgO," NRL Report 7334, October, 1971

11. R.W. Rice, "Internal Surfaces of MgO," in Materials Science Research Vol. 3, The
Role of Grain Boundaries and Surfaces in Ceramics (W.W. Kriegel and H. Palmour, III,
editors), Plenum Press, New York 1966, pp. 387-423

12. R.W. Rice, "Strength and Fracture of Dense MgO," in Ceramic Microstnuctures, Their
Analysis, Significance, and Production, (R.M. Fulrath and J.A. Pask, editors), Wiley,
New York, 1968, pp. 579-593

13. R.W. Rice, J.G. Hunt, G.I. Friedman, and J.L. Sliney, "Identifying Optimum Param-
eters of Hot Extrusions," Final Report for NASA Contract NAS7-276, Aug. 1968

14. R.M. Spriggs, L.A. Brissette, and T. Vasilos, "Preparation of Magnesium Oxide of Sub-
micron Grain Size and Very High Density," J. Am. Ceram. Soc. 46, No. 10, 598 (1963)

15. T. Vasilos and R.M. Spriggs, "Pressure Sintering: Mechanisms and Microstructures for
Alumina and Magnesia," J. Am. Ceram. Soc. 46, No. 10, 493-96 (1963)

16. R.W. Rice and R.G. Racus, "Electron-Probe Examination of Fracture Surfaces," J.
Appl. Phys. 38, No. 1, 422-23 (1967)

17. D.H. Chung, J.J. Swica, and W.B. Crandall, "Relation of Single-Crystal Elastic Con-
stants to Polycrystalline Isotropic Elastic Moduli of MgO," J. Am. Ceram. Soc. 46,
No. 9, 452-57 (1963)

18. N. Soga and O.L. Anderson, "High-Temperature Elastic Properties of Polycrystalline
MgO and A190O," J. Am. Ceram. Soc. 49, No. 7, 355-59 (1966)

27



R. W. RICE

21. H. Tagai and T. Zisner, "High-Temperature Creep of Polycrystalline Magnesia: I. Ef-
fect of Simultaneous Grain Growth," J. Am. Ceram. Soc. 51, No. 6, 303-310 (1968>

22. P.E.D. Morgan and N.C. Schaeffer, "Chemically Activated Pressure Sintering of Oxides1,"
Tech. Report AFML-TR-66-356, Feb. 1967

23. P.E.D. Morgan and E. Scala, "The Formation of Fully Dense Oxides by the Decom-
position Pressure Sintering of Hydroxides,"' presented at 67th Annual Meeting, Am.
Ceram. Soc., Pittsburgh, Pa., May 3, 1965 (Abstract: Am. Ceram. Soc. Bull. 44,
No. 4, 301 (1965))

24. P.E.D. Morgan and E. Scala, "High Density Oxides by Decomposition Pressure Sin-
tering of Hydroxides," Proc. IntL. Conf. on Sintering and Related Phenomena (Notre
Dame, Ind. June 1965, G.C. Kuczynski, editor, New York, Gordon and Breach,. 1907

25. M.H. Leipold and T.N. Nielsen, "Hot-Pressed High-Purity Polycrystalline MgO"7 Bull.
Am. Ceram. Soc. 45, No. 3, 281-85 (1966)

26. R.W. Rice, "CaO: 1. Fabrication and Characterization," J. Am. Ceram. Soc. 52,
No. 8, 420-27 (1969)

27. F.L. Moore, "Novel Radiotracer Method for Fluoride Determination,' 1 Anal. Chem.
35, 1032 (1963)

28. V.L. Eggebraaten and J.L. Nugent, "Determination of Microfluoride Content in Pres-
ence of High Chromium (VI) Concentrations," Anal. Chem. 36, No. 6, 115-51 (1964

29. T.H. Nielsen and M.H. Leipold, "Surface Hydroxyl in MgO," J. Am. Ceram. Soc. 49,
No. 11, 626-27 (1966)

30. F. Freund, "Retention of Hydroxyl Groups on Magnesium Oxide," J. Am. Ceram.
Soc. 50, No. 9, 493-94 (1967)

31. S.J. Gregg and R.K. Packer,. "The Production of Active Solids by Thermal Decom-
position, Part VI," Chem. Soc. J. 1955, 51-55 (1955)

32. S.J. Gregg, "The Production of Active Solids by Thermal Decomposition, Part I. Intro-
duction," Chem. Soc. 3. 1953, 3940-44 (1953)

33. P.3. Wyllie, "Phase Equilibria in System CaO-CO2 -H20 and Related Systems, with
Implications for Crystal Growth of Calcite and Apatite," J. Am. Ceram. Soc. 50,
No. 1, 43-46 (1967)

34. L.S. Walter, P.J. Wyllie, and O.F. Thttle, "The System MgO-C02 -H2 0 at High Pres-
sures and Temperatures," J. Petrology 3, No. 1, 49 (1962)

29



NRL REPORT 7335 29

37. E. Carnall, Eastman Kodak, private communication

38. M. Leipold, Jet Propulsion Laboratory, private communication

39. D. Langmuir, "Solubility of Carbonates in the System MgO-C0 2 -H2 0," J. Geology
73, No. 5, 730-54 (1965)

40. A. Cimino, P. Porta, and M. Valigi, "Dependence of the Lattice Parameter of Magne-
sium Oxide on Crystal Size," J. Am. Ceram. Soc. 49, No. 3, 152-56 (1966)

41. R.K. Webster, T.L. Jones, and P.J. Anderson, 'Proton Magnetic Resonance Studies
of Adsorbed Water on Magnesium Oxide," Proc. Brit. Ceram. Soc. No. 5 (The Physics
and Chemistry of Ceramic Surfaces), 153-65 (1965)

42. J. Chown and R.F. Deacon, "The Hydration of Magnesia by Water Vapor," Trans.
Brit. Ceram. Soc. 63, No. 2, 91 (1964)

43. G.D. Miles, R.A.J. Sambell, J. Rutherford, and G.W. Stephenson, "Fabrication of
Fully Dense Transparent Polycrystalline Magnesia," Trans. Brit. Ceram. Soc. 66, No. 7,
319-35, July 1967

44. R.B. Day and R.J. Stokes, "Grain Boundaries and Mechanical Behavior of Magnesium
Oxide," in Materials Sci. Res. Vol. 3 (W.W. Kriegel and H. Palmour III, Editors),
Plenum Press, New York, 1966

45. T. Vasilos, Avco Corporation, private communication

46. H.L.W. Ludekens and A.J.E. Welch, "Reactions Between Metal Oxides and Fluorides:
Some New Double-Fluoride Structures of Type ABF 3 ," Acta Crystallographica 5,
841 (1952)

47. D.A. Schulz and A.W. Searcy, "Vapor Pressure and Heat of Sublimation of Calcium
Fluoride," J. Phys. Chem. 67, No. 1, 103-6 (1963)

48. J. Berkowitz and J.R. Marquart, "Mass-Spectrometric Study of the Magnesium Ha-
lides," J. Chem. Phys. 37, No. 8, 1853-65 (1962)

49. R.M. Spriggs, L.A. Brissette, and T. Vasilos, "Grain Growth in Fully-Dense Magnesia,"
presented at 66th Annual Meeting of Am. Ceram. Soc., Chicago, Ill., Apr. 1964 (Ab-
stract: Am. Ceram. Soc. Bull. 43, No. 4, 337 (1964))

50. R.W. Rice, "Machining and Surface Workhardening of MgO," submitted to Am. Ceram.
Soc. for publication

51. R.C. Rossi and R.M. Fulrath, "Final Stage Densification in Vacuum Hot-Pressing of
Alumina," J. Am. Ceram. Soc. 48, No. 11, 558-64 (1965)


